Harvesting energy directly from sunlight using photovoltaic technology is a way to address growing global energy needs with a renewable resource while minimizing detrimental effects on the environment by reducing atmospheric emissions. This issue of MRS Bulletin on "Organic-Based Photovoltaics" looks at a new generation of solar cells that have the potential to be produced inexpensively. Recent advances in solar power conversion efficiencies have propelled organic-based photovoltaics out of the realm of strictly fundamental research at the university level and into the industrial laboratory setting. Fabricated from organic materials-polymers and molecules-these devices are potentially easier to manufacture than current technologies based on silicon or other materials. In this introductory article, we describe the motivation for pursuing research in this field and provide an overview of the various technical approaches that have been developed to date. We conclude by discussing the challenges that need to be overcome in order for organic photovoltaics to realize their potential as an economically viable path to harvesting energy from sunlight.
Introduction
Harvesting energy directly from sunlight using photovoltaic (PV) technology* is being increasingly recognized as an essential component of future global energy production. The finite supply of fossil fuel sources and the detrimental long-term effects of CO 2 and other emissions into our atmosphere underscore the urgency of developing renewable energy resources. PV technology is being increasingly recognized as part of the solution to the growing energy challenge and an essential component of future global energy production. Provided that photovoltaics can be made truly economically competitive with fossil fuels, large-scale manufacturing of these devices offers a pathway to a sustainable energy source that could supply a significant fraction of our energy needs. This comes with only minimal impact on the environment associated with the energy needed to manufacture the devices (this is embedded in the cost), disposal of small amounts of waste materials from the manufacturing process, and the land use for the installation of largescale PV systems. The impact of land use can be minimized by locating large-scale arrays in desert regions of little ecological importance and can be completely negated by integrating PV systems into existing building structures and rooftops.
A photovoltaic device, or solar cell, converts absorbed photons directly into electrical charges that are used to energize an external circuit (Figure 1 ). The photovoltaic effect was discovered in 1839 by French physicist Edmond Becquerel. Attempts at commercialization did not begin until a century later, and the first crystalline silicon PV device was developed in 1954 at Bell Laboratories.
A typical conventional solar cell is fabricated from an inorganic semiconductor material, such as crystalline Si, that is doped to form a p-n junction. The p side contains an excess of positive charges (holes), and the n side contains an excess of negative charges (electrons). In the region near the junction, called the depletion region, an electric field is formed. Electrons and holes generated through light absorption in the bulk of the Si diffuse to this junction, where they are accelerated by the electric field toward the proper electrode. If the Si is of sufficient quality, the charges reach the electrodes and leave the device in order to drive the external circuit. The power conversion efficiency of this process is defined as the ratio of the electric power provided to the external circuit to the solar power incident on the active area of the device. This is typically measured under standard simulated solar illumination conditions, and efficiencies of over 24% have been achieved in the laboratory for devices such as the one just described. As will be discussed later in this article, and throughout this issue of MRS Bulletin, the fundamental mechanism by which organic PV devices work is substantially different than that of Si and other inorganic semiconductor devices.
In 2002, 49.3 quads (1 quad 1 quadrillion Btu 2.9 ϫ 10 11 kWh) of electrical energy were consumed worldwide. 1 The U.S. accounted for the largest percentage of consumption (25.6%), followed by Western Europe (19.2%), China (10.2%), Japan (6.8%), and Russia (5.5%).
As a case study, let's examine how much land area of PVs would be required to supply the electricity needs of the U.S., the largest consumer. In 2003, 39.6 quads of energy, largely from fossil fuels, were consumed to produce electricity in the U.S. After conversion losses, 13.1 quads of net electrical energy were output by power plants for general consumption. 2 This amount of electricity could be produced by a 100 km ϫ 100 km land area in a region of high solar insolation, such as in the deserts of the Nevada or Arizona, covered with solar modules with a power conversion efficiency of 15%. In order to meet the U.S. Department of Energy's cost goal of $0.33/W, 3 these modules would have to be manufactured at a cost of $50/m 2 or less. Similar calculations can be done for desert regions around the globe.
Photovoltaic Technologies
Given the vast potential of photovoltaic technology, worldwide production of terrestrial solar cell modules has been growing rapidly over the last several years, with Japan recently taking the lead in total production volume (Figure 2 ). Current production is dominated by single-crystal and polycrystalline silicon modules, which represent 94% of the market. These devices, based on silicon wafers, have been termed the "first generation" of PV technology. These are single-junction devices that are limited by thermodynamic considerations, stemming largely from energy loss due to carrier thermalization, to a maximum theoretical power conversion efficiency of ϳ31% when illuminated by the AM 1.5 solar spectrum † with an intensity of 1000 W/m 2 (1 sun). 4 Progress in efficiencies of researchscale crystalline PV devices over that last several decades is shown in Figure 3 . Clearly, significant improvements in device efficiencies have been steadily achieved.
One key to the development of any photovoltaic technology is the cost reduction associated with achieving economies of scale. This has been evident with the development of crystalline silicon PVs and will presumably be true for other technologies as their production volumes increase. Figure 4 shows the decrease in the cost of crystalline silicon PV modules as the production rate has increased, as well as predicted future costs for both c-Si on wafer and the emerging c-Si film on glass technologies. The current cost of ϳ$4/W is still too high to significantly influence energy production markets. Best estimates are that costs will level off in the region of $1/W-$1.50/W in the next 10 years, substantially higher than the $0.33/W target.
Thus, over the last decade, there has been considerable effort in advancing thinfilm, "second-generation" technologies that do not require the use of silicon wafer substrates and can therefore be manufactured at significantly reduced cost. 5 Steady progress has been made in laboratory efficiencies, as can be seen in Figure 3 for devices based on CdS/CdTe, Cu(In,Ga)Se 2 (CIGS), and multijunction a-Si/a-SiGe. These devices are fabricated using techniques such as sputtering, physical vapor deposition, and plasma-enhanced chemical vapor deposition. Multijunction cells based on a-Si/a-SiGe have been the most successful second-generation technology to date because of their ability to be fabricated at relatively low cost. Several companies are manufacturing a-Si/a-SiGe modules using roll-to-roll processing on flexible stainless steel and other substrates that allow high-speed production as well as easy integration into roofing materials. spectra are defined by an air mass (AM) value, which is a measure of the length of the path through the earth's atmosphere that the solar radiation travels. The value is calculated as 1/cos z, where z is the zenith angle between a line perpendicular to the earth's surface and a line intersecting the sun. AM 1 describes the case in which the sun is directly overhead. The AM 1.5 spectrum is commonly used for testing photovoltaic devices meant for terrestrial use. AM 0 is the spectrum of sunlight outside the earth's atmosphere and is used for testing PV devices intended for use in space.
Organic-Based Photovoltaics:Toward Low-Cost Power Generation
These cells comprise 5.6% of the 6% of the market not dominated by crystalline or polycrystalline silicon.
The increasing manufacturing capacity in solar cells (as illustrated in Figure 4) , coupled with the uncertainties of fossil fuel energy sources, is clearly a significant driver for the current PV technologies. Ultimately, however, there will be limitations on how much the costs of current technologies can be reduced. Achieving truly competitive cost/efficiency ratios may require breakthroughs even in mainstay technologies. This has engendered the concept of third-generation PV technologies, originally developed by Martin Green of the University of New South Wales and illustrated in Figure 5 . 6 Here, the thirdgeneration technologies (III) can be separated into two categories. In the first, IIIa, are novel approaches that strive to achieve very high efficiencies-by using concepts such as hot carriers, multiple electron-hole pair creation, and thermophotonics-that have theoretical maximum efficiencies well in excess of the 31% target for a singlejunction device. In this case, the allowed cost of the cell could be quite high. Research in this area is still in its infancy. Examples of the fundamental mechanisms have been demonstrated, but working devices have yet to be achieved. In the second type of third-generation device, IIIb, the goal is to achieve moderate efficiency (15-20%), but at a very low cost. To achieve this will require inexpensive materials for the active components and the packaging, low-temperature atmospheric processing, and high fabrication throughput. It is in this category that organic-based photovoltaics (OPVs) have the potential to make a significant impact. Achieving these goals will require significant basic and applied science advancements over the next 10 years. This issue of MRS Bulletin will focus on the strengths and weaknesses of the different approaches that have been proposed for OPVs, along with the fundamental understanding required to fulfill their potential.
Why Research the Development of Organic-Based Photovoltaics?
With a theoretical efficiency that is the same as conventional semiconductor devices and a cost structure derived from plastic processing, organic photovoltaics offer the long-term potential of achieving the goal of a PV technology that is economically viable for large-scale power generation. The development of materials for OPVs can be leveraged by the increasing development of organics for transistors, actuators, packaging, waveguides, and displays. 7, 8 Some key advantages for OPVs are that organic small-molecule and polymer materials are inherently inexpensive; they can have very high optical absorption coefficients that permit the use of films with thicknesses of only several hundred nanometers; they are compatible with plastic substrates; and they can be fabricated using high-throughput, lowtemperature approaches that employ one of a variety of well-established printing techniques in a roll-to-roll process.
9 Such low-temperature, and therefore low-energyconsuming, techniques require less capital investment than fabrication techniques for Si-based devices, for instance. In addition, the possibility of using flexible plastic substrates in an easily scalable, high-speed printing process can reduce the balanceof-system costs for OPVs to make them competitive with inorganic thin-film technologies. Thus, if efficiencies are comparable or even slightly lower than existing technologies, there may be compelling cost arguments favoring OPVs.
A key issue faced by the organic electronics community in general is the stability of the organic materials. It is encouraging that, for instance, automotive paints contain chromophores that are similar to molecules commonly used in OPV devices, and that organic light-emitting displays are demonstrating acceptable lifetimes under high injection currents. Device degradation pathways stem largely from changes in morphology, loss of interfacial adhesion, and interdiffusion of components, as opposed to strictly chemical decomposition. Thus, careful design and materials engineering can substantially improve device lifetimes.
Figure 4. Historical and projected costs for wafer c-Si and film c-Si photovoltaic modules versus their cumulative production (in megawatts)
. "Distributed fossil fuel" refers to off-grid generation of power, using, for instance, gas-driven generators. 19 
Figure 5. Cost-efficiency analysis for first-, second-, and third-generation photovoltaic technologies (labeled I, II, and III, respectively). Region IIIa depicts very-high-efficiency devices that require novel mechanisms of device operation. Region IIIb-the region in which organic PV devices lie-depicts devices with moderate efficiencies and very low costs.
In addition to these factors, there are a number of other key aspects of organic materials. First and foremost is their versatility. They possess an unprecedented flexibility in the synthesis of the basic molecules, allowing for alteration of a wide range of properties, including molecular weight, bandgap, molecular orbital energy levels, wetting properties, structural properties (rigidity, conjugation length, moleculeto-molecule interactions, etc.), and doping. This ability to design and synthesize molecules and then integrate them into organic-organic and inorganic-organic composites provides a unique pathway in the design of materials for novel devices. Additionally, with the ability to alter the color of the device, fabricate devices on flexible substrates, and potentially print them in any pattern, OPVs may be integrated into existing building structures and into new commercial products in ways impossible for conventional technologies.
The Nature of Organic Semiconductors
Organic semiconductors (OSCs) can be broadly classified as either small molecules, with molecular weights of less than a few thousand atomic mass units, or polymers, with molecular weights greater than 10,000 amu. A more recent class of materials, called dendrimers, has also been developed that span a molecular weight range between small molecules and polymers.
The distinctions between these classes become most important in determining the processing that is required in making films and devices and for the subsequent molecular arrangements (morphologies) that are obtained. However, the fundamental mechanisms that underlie the optical and electronic properties of the different classes are identical. These processes are determined essentially by the molecular orbitals that are built up from the summation of individual atomic orbitals in the molecule. The frontier molecular orbitals, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), largely determine a molecule's properties. Figure 6 depicts the HOMOs of several common OSCs.
Photoexcitations in OSCs are inherently different than those in conventional inorganic semiconductors. 10 Whereas light absorption in an inorganic semiconductor typically leads to the immediate production of free carriers (electrons and holes that are freely transported through the semiconductor material), light absorption in an OSC results in the formation of excitons (electron-hole pairs that are bound together by Coulomb attraction).
In order for free carriers to be generated in this case, the excitons must be dissociated. This can happen in the presence of high electric fields, at a defect site in the material, or at the interface between two materials that have a sufficient mismatch in their energetic levels (band offset). In the case of dissociation at the interface between two materials, an exciton created in either material can diffuse to the interface, leading to either electron transfer from the donor material to the acceptor material or hole transfer from the acceptor to the donor.
Thus, one can fabricate a photovoltaic device with the structure positive electrode/donor/acceptor/negative electrode. Tang, using a copper phthalocyanine layer as the donor and a perylene derivative as the acceptor, first accomplished this. 11 This device had a power conversion efficiency of about 1% under simulated solar illumination. As a result of the excitonic nature of the photoexcitations in OSCs, the operational mechanisms of OPVs are different from those of conventional photovoltaics. These differences are described in detail in the article in this issue by Gregg. Charge transport in OSCs is determined by the intermolecular overlap of the frontier orbitals of adjacent molecules. 12 This coupling is very weak compared with the interatomic coupling of conventional semiconductors. Additionally, the arrangement of molecules in a typical OSC is disordered and more resembles an amorphous mixture than a crystalline lattice. As a result, the conventional band transport description of charge transport cannot be used for OSCs. Instead, descriptions of charge transport in OSCs are based on carrier hopping between molecules. This is a temperatureactivated process that results in an increase in carrier mobility with increasing temperature, in contrast to the decreasing temperature dependence of the carrier mobility in conventional semiconductors.
It has also been found that carrier mobilities in OSCs follow an exponential dependence on the square root of the electric field. 13 The temperature and field dependence for both small-molecule and polymer OSCs has been successfully modeled using what is known as the disorder formalism, originally developed by Bässler. 14 This model assumes carrier hopping between molecular sites with Gaussian distributions of energies and geometric disorder parameters. A more recent version of the model has been developed that takes into account spatial correlations in the site energies and . While these values are several orders of magnitude less than those found in conventional semiconductors, they are sufficiently high to allow for the efficient extraction of charges in OPVs before free carriers recombine to the ground state. Higher carrier mobilities have in fact been measured in crystalline OSCs-in materials such as anthracene or pentacene. These materials have been shown to be able to exhibit true band transport. However, there has not been a large focus on using such systems in OPV devices, since the slow growth techniques required to produce the crystalline lattice offset some of the cost benefits of organics and because additional problems arise with the presence of grain boundaries in these materials.
In trying to develop high-efficiency OPV devices, it has become clear to researchers in the field that the details of the morphology of the molecules have a large impact on the charge carrier mobilities and, therefore, device efficiencies. Learning how to control exactly where along the scale from amorphous to crystalline the structure of the material lies is important. Several techniques for doing this have been developed, including choice of solvent and casting conditions, thermal annealing, and interpenetration of the organic semiconductor into an inorganic lattice that influences the molecular alignment.
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Paradigms for OPV Devices
The molecular nature of organic semiconductors places constraints on the ways in which OPV devices must be designed. As a further consequence of the weak intermolecular coupling between molecules, the exciton diffusion length, which is the distance an exciton will travel on average before it decays to the ground state, is typically on the order of 10 nm. This requires that planar devices, such as the Tang cell discussed earlier, consist of very thin active layers. Alternatively, the donor and acceptor species can be blended on the nanoscale such that all excitons are produced within approximately 10 nm of an interface. The low values for charge carrier mobilities in OSCs dictate that the thickness of the active layer be kept thin, thus limiting the optical density and the power conversion efficiency.
In this issue of MRS Bulletin, a variety of schemes to fabricate efficient OPV devices are discussed. These encompass different approaches to absorbing the sun's emission and accommodating the length scales derived from exciton diffusion lengths and carrier lifetimes in organic semiconductor materials. These approaches include Dye-sensitized nanostructured oxide cells. These cells use an organic dye to absorb light and rapidly inject electrons into a nanostructured oxide such as anatase TiO 2 . The hole is scavenged by a redox couple, such as iodide/triiodide (I Ϫ /I 3 Ϫ ), in solution or by a solid-state organic semiconductor or ionic medium. To date, the solid-state approaches have not been as effective, but progress is being made in understanding the nature of the redox behavior of the organic hole transporter. These approaches are discussed in the article by Grätzel.
Multilayer devices in which smallmolecule OSCs are deposited sequentially to form a stacked device. Recent progress in the reduction of the series resistance has led to increased efficiencies. This technology has the added benefit that multijunction tandem devices, which trade off current for voltage and possess higher theoretical efficiencies, can be fabricated in a straightforward manner. These devices are discussed in the article by Forrest.
Organic-organic composites in which donor and acceptor species, which function as the hole and electron transporters, respectively, are intimately mixed to produce a "bulk heterojunction." Among the most successful bulk heterojunction devices to date are those employing a conjugated polymer such as poly(3-hexylthiophene) as the donor and a fullerene derivative as the acceptor. These devices are described in the article by Janssen et al.
Organic-inorganic composites that combine a light-absorbing conjugated polymer as the donor and hole transporter with a nanostructured, large-bandgap inorganic semiconductor such as TiO 2 or ZnO as the acceptor and electron transporter. These work similarly to the bulk heterojunctions; however, the gross morphology of the mixture is determined by that of the nanostructured oxide that is grown in a selforganizing manner on the electrode. Optimization of the organic-inorganic interface is critical for these devices, which are discussed in the article by Coakley et al.
Organic-inorganic composites consisting of nanocrystals of conventional semiconductors, such as CdSe, blended into a conjugated polymer matrix. In this case, both components can efficiently absorb light, and the bandgap of the nanocrystals can be tuned by growing them to different sizes. As in the previous case, the energetics of the organic-inorganic interface is crucial. Recent progress in this area is discussed in the article by Milliron et al.
Photoelectrochemical cells employing a conjugated polymer as the light absorber and electron donor in conjunction with a liquid electrolyte as the redox mediator and electron transporter. These devices, which are in very early stages of development, are discussed by Wallace et al.
Industrial Interest
Fueled by recent progress in the power conversion efficiency of OPV devices and the cost benefits of processing and fabricating organics, many companies have begun research on developing OPV devices to bring them to the marketplace. A partial list of companies performing research and development on OPV devices includes General Electric, Konarka, Nanosys, Nanosolar, Solaronix, Shell, Sharp, Sony, CDT, and Toshiba.
The article by Brabec et al. discusses the potential for high-throughput industrial manufacture of OPV modules. Solutionbased techniques such as inkjet, screen, or flexographic printing (a form of rotary web letterpress using flexible relief plates) are well suited for organic thin-film deposition and can be done under atmospheric conditions. The scalability and low cost of such techniques could alter the paradigm for solar cell manufacturing and could open new markets that make use of very inexpensive photovoltaics requiring only moderate efficiencies and device lifetimes.
An important economic factor in the development of any PV technology is the balance-of-system costs. As has been brought to light for thin-film technologies, the material costs of the active components will soon compose only a small part of the total module manufacturing costs. 17 Glass substrates, transparent conducting electrodes (TCOs), and packaging materials instead will constitute a significant fraction of the final cost. In this area, reelto-reel manufacture of OPV modules can have an impact by using low-cost plastic substrates and conducting polymer alternatives to TCOs. Packaging is likely to be a major concern for the development of any practical organic semiconductor device, due to sensitivity to oxygen and water vapor. Progress has been made in this area with the development of flexible encapsulants for packaging organic light-emitting diodes. Industrial efforts into the development of OPVs can build on the success of such efforts to commercialize organic lightemitting diodes. Also encouraging is that initial efforts to fabricate OPV devices using high-throughput techniques show no decrease in performance over smallscale laboratory techniques.
Future Challenges for Organic Photovoltaics
Many formidable challenges must be overcome before OPV devices can be Shaheen can be reached by e-mail at sean_shaheen@nrel.gov.
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Technology and Advanced Concepts at the National Renewable Energy Laboratory, leading activities in the applications of nanotechnology, organic electronics, transition-metal oxides (ferroelectric materials, rechargeable Li batteries, and transparent conductors) and inkjet printing. He is also an adjunct professor at the University of Colorado at Boulder (physics) and the Colorado School of Mines (materials sciconsidered a truly practical technology. First and foremost, higher power conversion efficiencies must be demonstrated. Several groups are now reporting values in the 5% regime. These are very encouraging results; however, efficiencies of laboratory-scale devices must be pushed higher before largescale manufacturing can really be considered. Several fundamental issues must be addressed in order for this to happen. These include Bandgap. Current OPV devices have exhibited high (Ͼ70%) quantum efficiency, defined as the ratio of the number of photons of a given wavelength incident on the device to the number of charges delivered to the external circuit, for blue photons. However, efficiently harvesting red photons, which contain a significant fraction of the energy in the solar spectrum, has proven challenging. Optical bandgaps of the lightabsorbing components of OPVs must be reduced to approach the nominally optimal value of 1.4 eV while retaining good charge carrier mobilities.
Interfaces. An improved understanding of the fundamental processes of charge transfer and carrier recombination across donoracceptor interfaces is critical. Here, the band offset must be optimized to yield the highest possible photovoltage from the device. Contact resistance between layers must be minimized in order to reduce the device series resistance, which is important in determining the fill factor and thus the power conversion efficiency. Additionally, physical properties such as wetting between organic and inorganic components and adhesion between layers are important for both the device performance and lifetime.
Charge transport. Obtaining higher charge carrier mobilities will allow for the use of thicker active layers while minimizing carrier recombination and keeping the series resistance of the device low. The development of organic molecules and organicinorganic composites that self-assemble into ordered phases with pathways for efficient charge transport is a promising route to obtaining higher carrier mobilities.
Devising new ways to address these issues, control the morphologies, and improve the optoelectronic properties of the light-absorbing and charge-transporting materials is the primary materials science thrust in all of the varieties of OPV devices. In addition to overcoming these fundamental obstacles to higher efficiency, pathways of device degradation must be identified and mitigated before device lifetimes can be sufficiently long for practical use. Manufacturing issues such as printing and/or lamination of electrode materials, as opposed to vacuum deposition of metal electrodes, must be researched, and optimization of device patterning and integration of OPV devices into module assemblies must also be done.
As a final note, we mention that most of the efficiency values reported or claimed for OPV devices have not yet been certified by an internationally recognized PV test and measurement laboratory, such as the National Renewable Energy Laboratory in Golden, Colo. Photovoltaic device efficiencies are notoriously difficult to measure accurately because, among other reasons, of the sensitivity of the device performance to deviations between the emission spectrum of the solar simulator used in testing and the true AM 1.5 spectrum. Until recently, certified measurements of OPV efficiencies have not been critical, since efficiency values in the field have been relatively low. Recent developments to push efficiencies into the 5% regime, which is approaching that of amorphous-siliconbased devices, now make accurate measurements more important. These advances are a testament to the rapid progress being made in the field of organic photovoltaics and to the promise they hold for growing into a viable technology as a low-cost renewable energy resource. 
